We investigated effects of nitrogen (N) fertilizer and canopy position on the allocation of N to Rubisco and chlorophyll as well as the distribution of absorbed light among thermal energy dissipation, photochemistry, net CO 2 assimilation and alternative electron sinks such as the Mehler reaction and photorespiration. The relative reduction state of the primary quinone receptor of photosystem II (Q A ) was used as a surrogate for photosystem II (PSII) vulnerability to photoinactivation. Measurements were made on needles from the lower, mid and upper canopy of 21-year-old Pinus radiata D. Don trees grown with (N+) and without (N0) added N fertilizer. Rubisco was 45 to 60% higher in needles of N+ trees than in needles of N0 trees at all canopy positions. Chlorophyll was 80% higher in lower-and mid-canopy needles of N+ trees than of N0 trees, but only~20% higher in upper-canopy needles. Physiological differences between N+ and N0 trees were found only in the lower-and mid-canopy positions. Needles of N+ trees dissipated up to 30% less light energy as heat than needles of N0 trees and had correspondingly more reduced Q A . Net CO 2 assimilation and the proportions of electrons used by alternative electron sinks such as the Mehler reaction and photorespiration were unaffected by N treatment regardless of canopy position. We conclude that the application of N fertilizer mainly affected the biochemistry and light-use physiology in lower-and mid-canopy needles by increasing the amount of chlorophyll and hence the amount of light harvested. This, however, did not improve photochemistry or safe dissipation, but increased PSII vulnerability to photoinactivation, an effect with likely significant consequences during sunflecks or sudden gap formation.
Introduction
Plants usually intercept more light than they can use in photosynthesis (Osmond and Grace 1995 , Demmig-Adams et al. 1996 , Ort 2001 . Excess light may increase the generation of biologically damaging molecules such as singlet oxygen ( 1 O 2 ) and superoxide anion (O 2 -) (Elstner and Oßwald 1994) and result in the formation of triplet-excited photosystem II (PSII) reaction centers, which degrade pigments and proteins in the thylakoid membrane, most notably the D1 protein subunit of the PSII reaction center (Asada 1999 , Niyogi 2000 . Photoinactivation (or chronic photoinhibition; Osmond 1994) may result if the rate of D1 protein subunit degradation exceeds that of repair (Anderson et al. 1998) .
Plants have protection against photoinactivation at both the cellular and whole-plant levels. At the cellular level, allocation of harvested light to thermal energy dissipation or to photochemistry contributes to protection (Niyogi 2000) . Dissipation of harvested light energy as heat is triggered by the accumulation of protons in the thylakoid lumen. Dissipation accounts for 50 to 70% of absorbed light quanta in most plants exposed to full sunlight (Osmond et al. 1997 ). Non-photochemical quenching (NPQ) provides an index of the changes in thermal dissipation (Maxwell and Johnson 2000) , and effective quantum yield of PSII (Φ PSII ) provides an estimate of the fraction of light quanta used in photochemistry (Maxwell and Johnson 2000) . The main photochemical sink is photosynthesis, although there are alternative electron sinks such as photorespiration and the Mehler reaction (Osmond and Grace 1995, Fryer et al. 1998) .
Oxygen plays important roles in both photorespiration and the Mehler reaction. Oxygen serves as a non-assimilatory electron acceptor during the oxygenation of ribulose-1,5-bisphosphate (RuBP) catalyzed by Rubisco in photorespiration, where electrons are supplied by NADPH (Wingler et al. 2000) .
Oxygen can also be directly reduced by photosystem I (PSI). Direct oxygen reduction creates superoxide radicals that can be detoxified by the Mehler ascorbate peroxidase reaction (Asada 1999 , Niyogi 2000 . The rate of total electron flow through PSII partitioning to photorespiration or the Mehler reaction can be estimated from the relationship between Φ PSII and the quantum yield of CO 2 assimilation during photosynthesis (Φ CO 2 ). Because the photosynthetic process competes with photorespiration and the Mehler reaction, a higher ratio Φ PSII /Φ CO 2 indicates a larger proportion of electrons used for photorespiration and direct O 2 reduction (Fryer et al. 1998) .
At the whole-plant level, protection against photoinactivation can be achieved by acclimation of leaves to their position within the canopy. For example, protection against photoinactivation increases at high irradiances, whereas rates of gas exchange are maximized at lower irradiances Demmig-Adams 1995, Niinemets and Valladares 2004) . Compared with shade-acclimated leaves, sun-acclimated leaves often have thicker palisade parenchyma, less chlorophyll per chloroplast, larger amounts of Calvin cycle enzymes such as Rubisco per unit leaf area, lower specific leaf area and higher leaf dry mass per unit area Hikosaka 1995, Lambers et al. 1998) . The distribution of absorbed energy to thermal energy dissipation or to photochemistry also differs between these leaf types. Sun leaves have higher electron transport and carboxylation capacities than shade-acclimated leaves, because they invest more in light utilization than in light harvesting (Huner et al. 1998 , Lambers et al. 1998 , Niinemets and Valladares 2004 .
More than half of leaf nitrogen (N) is incorporated into the photosynthetic apparatus as chloroplast constituents such as Rubisco or chlorophyll (Evans and Terashima 1987) . Variations in N supply lead to changes in Rubisco and chlorophyll concentrations (Chen et al. 2003 , Kato et al. 2003 , Warren et al. 2003a , which affect light harvesting and the efficiency of light utilization Terashima 1987, Muller et al. 2005 ) and, in turn, the processes of dissipation, photosynthesis, photorespiration, the Mehler reaction and photoinactivation.
Previous studies on how N supply interacts with irradiance focused on herbaceous plants (Verhoeven et al. 1997 , Kato et al. 2003 ) and provide few clues as to the likely interactions among N availability, light harvesting and light utilization within mature tree canopies. A better understanding of light harvesting and light utilization by trees, as affected by N fertilizer application, will deepen our understanding of the effects of fertilizer application and facilitate development of improved algorithms for canopy photosynthesis models.
Our primary aim was to study the interactions among N supply (fertilizer application), N allocation, light harvesting and light utilization in Pinus radiata D. Don, the most widely planted softwood tree species in southern Australia. We investigated (1) the influence of N supply on chloroplast constituents such as N, Rubisco and chlorophyll, (2) the influence of N supply on distribution of harvested energy to thermal energy dissipation and photochemistry, and the relative importance of alternative electron sinks and (3) the modification of (1) and (2) within the canopy of 21-year-old P. radiata trees. We tested the lower-, mid-and upper-canopy needles of P. radiata trees grown with and without added N fertilizer. Allocation of light energy was determined from chlorophyll fluorescence and gas exchange, and N allocation was based on measurements of N, Rubisco and chlorophyll.
Materials and methods

Site description
Trees were selected from N fertilized (N+) and control (N0) plots in a 21-year-old Pinus radiata plantation located at Rennick (37°75′ S, 140°97′ E), 25 km east of Mount Gambier, on the south-western coast of Victoria, Australia. The region has a temperate climate with warm dry summers and cool wet winters. In July (midwinter), mean daily minimum temperature was 5.1°C and the maximum temperature was 13.1°C with a mean monthly rainfall of 99.3 mm. In January (midsummer), mean daily minimum temperature was 11.6°C and the maximum temperature was 25.1°C with a mean monthly rainfall of 26.2 mm. The soil at the study site is classified as a podsol on a highly siliceous parent material (FAO-Unesco 1978) .
Each N treatment consisted of four 30 × 30 m plots, each containing 40 to 43 trees after thinning to a basal area of 25 m 2 ha -1 in March 2002. Trees were 27.9 ± 1.5 m (mean ± standard deviation) high and had a diameter at breast height of 34.7 ± 3.6 cm. Six months after thinning, each N+ plot received 300 kg N ha -1 as ammonium sulfate. Field measurements were conducted in summer 2004, 18 months after fertilizer application.
Sampling
Two dominant trees per plot were selected at random. Measurements were made on 40-80-cm-long branches from the lower, mid and upper canopy on the northern (sunlit) side of the trees. On each sampling day, one branch in each canopy layer of two trees per plot was shot down. Branches were immediately placed cut-end first, in a bucket of water and recut under water to avoid embolism. Four to seven fascicles of current-year foliage were removed from each branch and stored in liquid nitrogen for chlorophyll and Rubisco analyses. The excised branches were kept in the shade until gas exchange and chlorophyll fluorescence measurements were conducted the same day. After completing measurements, another six to seven fascicles were collected for needle morphology and N analyses.
Light environment of measured needles
The difference in the light environment between the upperand lower-canopy needles was quantified by hemispherical photographs. This technique accurately determines the fraction of irradiance transmitted to foliage through the canopy (Easter and Spies 1994, ter Steege 1997) . At ground level, 11 hemispherical photographs of each treatment were taken at dusk. Black and white negatives were scanned (CanoScan 5000F, Canon) and evaluated with WinPhot 5.0 software (ter Steege 1997). On March 1, we estimated the total amount of direct and diffuse photosynthetic photon flux (PPF) received by needles in the upper and lower canopy.
Needle morphology
Specific leaf area (SLA) was calculated as the ratio of total needle surface area to needle dry mass. The surface area was calculated from fascicle length and diameter, assuming that needles are third or half cylinders (Wood 1971) . The needles were then dried at 65 °C for 60 h and dry mass determined.
Needle nitrogen concentration
Dried samples were ground to fine powder with a ball mill (Mixer Mill MM 301, Retsch, Germany) . Total N content of the weighed samples was determined with an elemental analyzer (CHN-2000, Leco, MI).
Chlorophyll concentration
Total chlorophyll (chl a + b) was determined by the dimethyl sulfoxide (DMSO) chlorophyll extraction technique of Hiscox and Israelstam (1979 
Rubisco concentration
Rubisco was quantified by capillary electrophoresis (CE) by a modification of the method of Warren and Adams (2000) . Briefly, 150 mg of frozen needle material was mixed with about 100 mg polyvinylpolypyrrolidone and ground in liquid nitrogen. Samples were extracted twice with 1.5 ml aliquots of extraction buffer containing 50 mM Tris-HCl, 1% (w/v) sodium dodecyl sulfate (SDS), 15% glycerol (v/v) and 0.1 M 2-mercaptoethanol. Extracts were thoroughly mixed and centrifuged for 2 min at 16,110 g (Eppendorf Centrifuge 5415 D). Supernatants were collected and proteins precipitated by adding 4:1:3 (v/v) methanol:chloroform:distilled water. Precipitated proteins were taken up in extraction buffer and denatured by heating at 95°C for 10 min. Samples were analyzed by CE on the same day with a Beckman P /ACE MDQ system (Beckman-Coulter, Fullerton, CA) fitted with a photodiode array detector and controlled by System Gold software (Beckman-Coulter). Protein separation was performed in SDS 14-200 gel buffer (Beckman-Coulter) in an SDS-coated fused-silica capillary (100 µm internal diameter × 31.2 cm long, eCap SDS 14-200 capillary, Beckman-Coulter). Electrophoresis was conducted at 20°C, a constant voltage of 9 kV, with 3.45 kPa of pressure applied at both ends of the capillary. Samples were injected for 15 s, and protein-SDS complexes were detected at 220 nm. The capillary was rinsed sequentially between successive electrophoretic runs with 1 M HCl for 60 s, followed by SDS 14-200 gel buffer for 120 s. Purified bovine serum albumin was used for generating standard curves, which were linear over the range from 0.01 to 1 g l -1 . Dry mass fractions were measured on a separate subsample of needles, and the concentration of Rubisco was calculated on a dry mass basis.
Rubisco, chlorophyll and nitrogen relationships
The N concentration of total chlorophyll and Rubisco in relation to total N was calculated. Nitrogen accounts for 6.27% of chlorophyll a and 6.18% of chlorophyll b. The sum of both was calculated and related to total leaf N concentration (chl a + b N as % of total N). Nitrogen accounts for 17% of Rubisco. The amount of Rubisco was calculated and related to total leaf N concentration (Rubisco N as % of total N). The ratio of Rubisco to total chlorophyll (Rubisco/chl) was estimated in mmol mol -1 assuming molecular masses for chlorophyll a of 871.2 g mol -1 , for chlorophyll b of 885.2 g mol -1 and for Rubisco of 550 kg mol -1 .
Effects of cut-branch techniques on needle physiology
Because we lacked direct access to branches, we used a cutbranch technique. Several studies have compared cut branches with intact branches and concluded that, for conifers, they are similar in photosynthetic characteristics (e.g., Dang et al. 1997 on Pinus banksiana Lamb. and Picea mariana (Mill.) Britton and Warren et al. 2003b on Pseudotsuga menziesii (Mirb.) Franco) and chlorophyll fluorescence characteristics (e.g., Richardson and Berlyn 2002 on Abies balsamea Mill. and Picea rubens Sarg.). We followed changes in net CO 2 assimilation and maximum quantum yield in the dark (F v /F m ) in needles for 12 h after detaching branches from a sample tree. Net CO 2 assimilation varied by 7 ± 4% (mean ± SD) and F v /F m varied by 2.7 ± 2% in 10 detached branches of 40 to 80 cm in length. The measured values were randomly distributed and showed no trend with time.
Gas exchange and chlorophyll fluorescence measurements
Leaf gas exchange measurements were coupled with chlorophyll fluorescence measurements and were made with an open gas exchange system (Li-6400; Li-Cor, Lincoln, NE) equipped with an integrated fluorescence chamber head (Li-Cor LI-6400-40 leaf chamber fluorometer). From all sampled branches, five fascicles of current-year foliage were chosen and kept in darkness for 1.5 h. Dark-adapted needles, still attached to the excised branches, were placed in the fluorescence chamber, and the dark-adaptation clip was removed, taking care to avoid exposure of needles to light. After measuring dark respiration, Quantum yield of CO 2 assimilation (Φ CO 2 ) was calculated as:
, where A g is gross CO 2 assimilation rate, R d is dark respiration rate and α l is leaf absorptance, which was set at 0.84 based on literature values (Arena et al. 2005 , Robakowski 2005 ).
Non-photochemical quenching was estimated as (F m o -F m ′)/F m ′ (where F m o and F m ′are maximal fluorscence of darkand light-adapted needles, respectively; Maxwell and Johnson 2000) . The fraction of absorbed light used in photochemistry was estimated as the effective quantum yield of PSII (Φ PSII = (F m ′ -F t )/F m ′, where F t is steady-state fluorescence of lightadapted needles; Maxwell and Johnson 2000) . The proportion of photochemical energy used by photosynthesis was expressed as Φ PSII /Φ CO 2 . The relative reduction state of Q A was determined as 1 -q P (Melis 1999, Wilson and Huner 2000) , where q P is photochemical quenching estimated as: 
Statistical analyses
Effects of canopy level and fertilizer treatment as categorical fixed predictors of needle characteristics and N, chlorophyll and Rubisco concentrations were evaluated by a two-level analysis of variance. Homogeneity of variances was checked with the Levene's test, and it was ascertained graphically that variances and means were uncorrelated across compared groups, and that variables did not grossly deviate from normality. For the light response parameters, a t-test for independent samples was used at each measured PPF, with measured parameters as dependent variables and N+/N0 as the fixed factor. Means were compared post-hoc by an LSD test. Statistical effects were considered significant at P ≤ 0.05.
Results
Light environment
On the day when hemispherical photographs were taken, total above-canopy PPF at the site was 41.9 mol m -2 day -1 . Daily radiant flux integral of lower canopies was only about 30% of this. There was less light in the lower canopies of N+ trees (11.6 ± 0.8 mol m -2 day -1 PPF) than of N0 trees (14.6 ± 0.8 mol m -2 day -1 PPF) (P = 0.016, data not shown).
Needle morphological characteristics
Needle morphological characteristics changed with canopy height in N0 and N+ trees. From the lower to upper canopy, needle length increased by about 20% in N0 trees and by about 40% in N+ trees, with a significant fertilizer effect in the upper canopy (Figure 1a) . Needle dry mass (g /100 needles) increased by 120% in N0 trees and by 230% in N+ trees with increasing canopy height. There was a significant fertilizer effect in the upper canopy (Figure 1b) . Specific leaf area decreased with canopy height by about 25%, and there was no fertilizer effect ( Figure 1c) .
Nitrogen, chlorophyll and Rubisco
Foliar N concentration per unit area was up to 30% higher in N+ trees than in N0 trees across all canopy heights (significant only in the mid and upper canopies). Within both treatments, needle N increased from the lower to the upper canopy by about 100% (Figure 2a ). Chlorophyll concentration per unit needle area was higher in N+ trees than in N0 trees. Needles of N+ trees contained about 80% more chlorophyll at lower-and mid-canopy heights, but only 20% more in the upper canopy. Area-based chlorophyll concentration increased from lower to upper canopy in N0 trees, but was greatest in mid-canopy needles of N+ trees (Figure 2b ). Rubisco concentration per unit needle area was generally higher in N+ trees than in N0 trees (significant in the upper canopy). Area-based Rubisco concentration increased with increasing canopy height by about 220% in N0 trees and by about 250% in N+ trees (Figure 2c ). Differences in SLA with height were small, and thus trends in N, chlorophyll and Rubisco concentrations were the same on a dry mass basis (g g -1 ) as on an area basis (data not shown). When expressed as a proportion of total N, chlorophyll N (chl a + b N) was about 20 to 30% higher in the lower and mid canopy of N+ than of N0 trees, and about 15% less in the upper canopy of N+ trees. The proportion of needle N present in chlorophyll decreased from the lower to the upper canopy by about 40% in N+ trees but by only about 20% in N0 trees (Figure 3a) . Likewise, the proportion of needle N present as Rubisco (Rubisco N) was higher in N+ trees than in N0 trees at all canopy heights. From lower to upper canopy, Rubisco N increased as a proportion of total N by about 80% in N0 trees, and by about 60% in N+ trees (Figure 3b ). The ratio of Rubisco to total chlorophyll (Rubisco/chl) increased slightly from the lower to the mid canopy in both treatments, and more markedly in the upper canopy (Figure 3c ). The ratio of Rubisco to total chlorophyll (Rubisco/chl). Data are means ± standard deviation, (n = 6). Significant differences with canopy height (P ≤ 0.05) are indicated by different uppercase letters for N+ trees and by different lowercase letters for N0 trees. Significant fertilizer effects (P ≤ 0.05) are indicated by asterisks (*).
Gas exchange
13.6 µmol CO 2 m -2 s -1 in N+ trees and from -0.6 to 14.6 µmol CO 2 m -2 s -1 in N0 trees (Figure 4a ). Patterns in mass-based photosynthetic rates were similar to those expressed on an area basis (data not shown). Stomatal conductance (g s ) on an area basis increased with increasing PPF over the measured range of 0 to 2000 µmol m -2 s -1 . Stomatal conductance ranged from 57.2 to 121.5 mmol m -2 s -1 in needles of N+ trees, and from 73.8 to 140.3 mmol m -2 s -1 in needles of N0 trees. There were no significant differences between treatments or among canopy heights (Figure 4b ). Internal CO 2 concentration (C i ) decreased with increasing PPF. Values ranged from 427.8 ± 9.6 µmol mol -1 at a PPF of 20 µmol m -2 s -1 to 142.9 ± 33.9 µmol mol -1 at a PPF of 2000 µmol m -2 s -1 in N+ trees, and from 483.7 ± 53.1 to 250.4 ± 33.6 µmol mol -1 in N0 trees (data not shown).
Chlorophyll fluorescence
Maximum quantum yield of PSII (F v /F m ) in dark-adapted needles was higher than 0.8 for all canopy heights and both treatments. In the N+ treatment, F v /F m was 0.81 in lower-canopy needles, slightly and significantly less than the 0.83 measured in mid-and upper-canopy needles. In the N0 treatment, F v /F m was 0.82 in lower-and upper-canopy needles and 0.83 in mid-canopy needles ( Figure 5 ).
Non-photochemical quenching, an index of dissipation of thermal energy, increased with increasing PPF for needles from all canopy heights and from both N+ and N0 trees. In lower-and mid-canopy needles, NPQ was up to 30% less in N+ trees than in N0 trees. Differences were evident only at PPFs greater than 1000 µmol m -2 s -1 in the lower canopy and at greater than 650 µmol m -2 s -1 in the mid canopy. In the upper canopy, NPQ of needles from N+ and N0 trees were similar (Figure 6a ).
Absorbed light used in photochemistry, expressed as Φ PSII , decreased with increasing PPF in all sampled needles. In the lower canopy, Φ PSII was significantly higher in needles from N0 trees than from N+ trees at PPFs from 20 to 1000 µmol m -2 s -1 , and slightly higher at PPFs greater than 1000 µmol m -2 s -1 . In the mid canopy, Φ PSII was significantly higher in needles from N0 trees than from N+ trees at low PPFs (20-100 µmol m -2 s -1 ), and declined at higher PPFs. In the upper canopies, Φ PSII was less in needles from N0 trees than from N+ trees only at higher PPFs (Figure 6b) .
The ratio of absorbed light allocated to photochemistry to that used for photosynthesis (Φ PSII /Φ CO 2 ) increased from a PPF of 20 to 650 µmol m -2 s -1 but then declined as PPF increased to 2000 µmol m -2 s -1 . The fertilizer treatment had no effect on Φ PSII /Φ CO 2 (Figure 6c) .
The relative reduction state of Q A , a measure of PSII vulnerability to photoinactivation, increased with PPF. In the lower canopy at all PPFs examined, 1 -q p was significantly higher (by up to 42%) in needles of N+ trees than in N0 trees. In mid-canopy needles, 1 -q p was higher (by up to 45%) in N+ trees than in N0 trees at low PPFs (20-300 µmol m -2 s -1 ) and at 2000 µmol m -2 s -1 . In the upper canopy, 1 -q p was similar 380 POSCH, WARREN, KRUSE, GUTTENBERGER AND ADAMS TREE PHYSIOLOGY VOLUME 28, 2008 between treatments at all PPFs (Figure 6d ).
Discussion
Nitrogen
Differences in N allocation likely influence how absorbed energy is accounted for by photochemistry, dissipation and alternative electron sinks, given that N accounts for more than half of the photosynthetic machinery in foliage and is found in chloroplast constituents such as Rubisco or chlorophyll (Evans and Terashima 1987 , Muller et al. 2005 . Position within the canopy largely determines the irradiances to which needles are exposed (Björkman and Demmig-Adams 1995 , Terashima and Hikosaka 1995 , Huner et al. 1998 , Lambers et al. 1998 ). In our study, needle N concentration increased with both increasing N supply and with height in the canopy (Figure 2a) . This is consistent with earlier studies showing higher leaf N concentration at higher nutrient availabilities (Fife and Nambiar 1997 , Porté and Loustau 1998 , Warren et al. 2003a ) and irradiances (Fife and Nambiar 1997 , Warren and Adams 2001 , Warren et al. 2003b ). Based on the findings of Boardman et al. (1997) , the needle N concentrations of all our study trees were in the adequate range for Pinus radiata, with concentrations in the upper part of that range for N+ trees and in the lower part for N0 trees.
Chlorophyll, dissipation, photochemistry and the PSII vulnerability to photoinactivation
It has been reported that, in response to shade, area-based leaf chlorophyll concentration increases (Poorter and Evans 1998, Awada et al. 2003) or decreases (Bungard et al. 1997 , Kato et al. 2003 . In our study, needle chlorophyll concentration declined significantly from the upper to the lower canopy in N0 trees but varied little with canopy height in N+ trees (Figure 2b) . This difference between treatments may be explained by two opposing influences: (1) total N concentration of needles increased with canopy height in both N+ and N0 trees ( Values are means ± standard deviation, (n = 7). Significant differences (P ≤ 0.05) between treatments are indicated by asterisks (*). the N0 trees, but was higher in the lower and mid canopy of N+ trees. It has been suggested that chlorophyll distribution depends on the steepness of the N-PPF relationship (Kull 2002) . We found that needles of N+ trees had higher N concentrations independent of canopy height compared with needles of N0 trees. Hemispherical photographs also showed that PPF was lower in lower canopies of N+ trees than in lower canopies of N0 trees, suggesting a higher leaf area index in the N+ treatment. In addition, upper-canopy needles of N+ trees were larger and heavier than those of N0 trees (Figures 1a and 1b) . In summary, the gradient of the N-PPF relationship was steeper for N+ trees than for N0 trees.
Light energy absorbed by chlorophyll is either dissipated as heat or utilized by photochemical processes (Osmond et al. 1997 , Niyogi 2000 , Ort 2001 ). The light responses we observed suggest that the increase in chlorophyll concentrations of lower-and mid-canopy needles of N+ trees is related to significantly reduced NPQ at high irradiances ( Figure 6a ). This is consistent with a general pattern of higher NPQ in low-N plants (Verhoeven et al. 1997 , Cruz et al. 2003 . Nonetheless, Φ PSII at high irradiances did not differ between treatments. We assumed that needles of N+ trees absorbed more light than needles of N0 trees but that they did not allocate a larger proportion of that energy to photochemistry or dissipation. Melis (1999) observed a close relationship between the fraction of reduced Q A and PSII vulnerability to photoinactivation, and suggested that there was at least a one order of magnitude higher probability of photoinactivation when Q A is in the reduced state than in the oxidized state. Demmig-Adams et al. (1996) proposed and developed an excess energy model to demonstrate PSII vulnerability to photoinactivation. According to this model, once the energy capacities of the photochemical and dissipation processes have been accounted for, the remainder is classified as excess energy. Although the exact interpretation of this model is disputed (e.g., Hendrickson et al. 2004) it is still widely used, and Kato et al. (2003) and Kornyeyev et al. (2004) showed that photoinactivation of PSII was proportional to the calculated excess energy.
We used the reduction state of Q A as a measure of potential photoinactivation and found that photoinactivation was higher in the lower-and mid-canopy needles of N+ trees than in the corresponding needles of N0 trees (Figure 6d) . Kato et al. (2003) found that a high N/low light treatment combination resulted in considerable excess energy in Chenopodium album L. Considering that irradiance was lowest in the lower canopy of our N+ trees, our results corroborate those of Kato et al (2003) . We suggest that application of N fertilizer to 21-yearold Pinus radiata led to a steeper gradient in the N-PPF relationship and to more investment in chlorophyll in the lower and mid canopy ( Figure 3a) ; however, increases in light harvesting capacity led to excess energy (sensu Kato et al. 2003) rather than to improved photochemistry or safe dissipation. This suggestion is supported by the similarity in light environments and chlorophyll concentrations in the upper canopy of the N+ and N0 trees, and by the lack of differences in dissipation, photochemistry and relative reduction state of Q A . We assume that, in the upper canopy of the N+ and N0 trees, a similar amount of light was harvested and distributed equally among the different mechanisms.
Rubisco, net CO 2 assimilation and alternative electron sinks
Rubisco is the rate-limiting enzyme in photosynthetic carbon assimilation and photorespiratory oxygen reduction. We found that area-based Rubisco concentration was generally higher in needles of N+ trees than of N0 trees and increased with canopy height in both treatments (Figure 2c) , consistent with the findings of the few studies that have measured Rubisco directly. For example, Chen et al. (2003) and Warren at al. (2003a) According to the light-N hypothesis, canopy photosynthesis is maximized when sunlit leaves have higher N concentrations than shaded leaves (Field 1983 , Sands 1995 . This hypothesis assumes that more than half of the foliar N in the photosynthetic machinery is allocated to photosynthetic proteins such as Rubisco (Evans and Terashima 1987) . Consequently, we might have expected higher light-saturated rates of photosynthesis in needles of N+ trees and from the upper-canopy needles in both treatments. However, higher N ( Figure 2a ) and Rubisco concentrations (Figure 2c ) did not result in higher A (Figure 4a ), in contrast to the results of Niinemets et al. (2007) who reported increases in maximum rates of Rubisco carboxylation (V cmax ) and electron transport (J max ) in needles of Pinus radiata within the natural light gradient of a canopy when expressed on a leaf area basis (but not on a dry mass basis). Niinemets et al. (2007) investigated needles grown at irradiances starting at 1.3 mol m -2 day -1 and increasing 25-fold with canopy height. We tested needles grown at irradiances starting at 11.6 mol m -2 day -1 (lower canopy of N+ trees) and at 14.6 mol m -2 day -1 (lower canopy of N0 trees) and increasing only 3.6-fold (needles of N+ trees) and 2.8-fold (needles of N0 trees) with canopy height. Differences in V cmax and J max would be small (or non-existent) if the data in Niinemets et al. (2007) were restricted to a comparably narrow range of irradiances as in our study. Hence, the apparent differences between the studies are likely due to differences in the range of irradiances resulting from different canopy densities and stand structures.
Net CO 2 assimilation rates might also differ if less energy were channelled into alternative electron sinks such as photorespiration or the Mehler reaction. The Φ PSII /Φ CO 2 ratio is related to the proportion of electron flow through PSII and electrons used for CO 2 fixation. A higher ratio would suggest fewer electrons are used in photosynthesis as more are diverted to alternative sinks. We found no such differences between the N+ and N0 trees (Figure 6c) .
Area-based A would also differ if SLA differed between treatments. Decreases in SLA or increases in leaf dry mass per unit leaf area have been observed in response to fertilizer application in conifers (Niinemets et al. 2001 , Palmroth et al. 2002 , which would imply increased area-based A. In our study, needles of N+ trees were longer ( Figure 1a ) and heavier ( Figure 1b) than needles of N0 trees (especially in the upper canopy); however, fascicle diameters (data not shown) did not change to an extent that would result in differences in SLA between treatments (Figure 1c) .
Several previous studies on pine species have identified deviations from the light-N hypothesis. Porté and Loustau (1998) reported that, even though the needles within a canopy of 25-year-old Pinus pinaster trees acclimated to changing light conditions (as indicated by a vertical gradient of SLA and significantly higher needle N concentration in the upper canopy), the results did not support the light-N hypothesis. Similarly, Palmroth and Hari (2001) found no significant differences in photosynthetic parameters between the upper, mid or lower canopy of Pinus sylvestris. Hollinger (1996) suggested that less than optimum N at high irradiances and more than optimum N at low irradiances can cause such a deviation. Kull (2002) underlined the conservative nature of the relationship between electron transport capacity and biochemical capacity, implying that any over-abundance of Rubisco in needles of N+ trees is related to the role of Rubisco as a temporary storage protein under conditions of high N supply, as previously suggested (cf. Warren and Adams 2001 , Grassi et al. 2002 , Warren et al. 2003a ).
In conclusion, N fertilization 18 months before sampling affected light use and dissipation physiology in needles of the lower and mid canopy. Lower-and mid-canopy needles of N+ trees had higher chlorophyll concentrations and higher relative reduction states of Q A , but reduced rates of energy dissipation compared with the corresponding needles from N0 trees. It is widely reported that applications of N fertilizer rapidly increase foliage production. For example, Fife and Nambiar (1997) suggested that improved N nutrition favors an increase in the proportion of assimilate allocated to aboveground biomass, including the stem, and that this results in greater leaf mass, larger needles, more branches and greater needle density. This suggestion is borne out by our results and likely explains the observed treatment differences in leaf physiology. As a consequence, light-harvesting capacity was improved in the lower-and mid-canopy needles of N+ trees. However, the increase in absorbed energy was unaccounted for by photochemistry or safe dissipation, instead resulting in increased relative reduction states of Q A . Current theory suggests an increased risk of PSII vulnerability to photoinactivation (Melis 1999) . This can play a role in response to sunflecks, to which even lower-canopy needles are regularly exposed, but may be especially relevant after sudden gap formation. Positive effects of N fertilization on tree growth seem related to short-term effects on total leaf area (e.g., Fife and Nambiar 1997) rather than to long-term positive effects on leaf-level physiology.
